ABSTRACT: Three novel polythiophene isomers are reported whereby the only difference in structure relates to the regiochemistry of the solubilizing side chains on the backbone. This is demonstrated to have a significant impact on the optoelectronic properties of the polymers and their propensity to aggregate in solution. These differences are rationalized on the basis of differences in backbone torsion. The polymer with the largest effective conjugation length is demonstrated to exhibit the highest field-effect mobility, with peak values up to 4.6 cm 2 V
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ABSTRACT: Three novel polythiophene isomers are reported whereby the only difference in structure relates to the regiochemistry of the solubilizing side chains on the backbone. This is demonstrated to have a significant impact on the optoelectronic properties of the polymers and their propensity to aggregate in solution. These differences are rationalized on the basis of differences in backbone torsion. The polymer with the largest effective conjugation length is demonstrated to exhibit the highest field-effect mobility, with peak values up to 4. . S olution-processed polymer organic semiconductors have attracted wide attention due to their potential for use in nextgeneration flexible and low-cost electronic devices. The use of such polymers as the active semiconducting component in organic field effect transistors is one interesting application. One of the key parameters for such transistors is the charge carrier mobility. In the past few years there have been impressive increases in charge carrier mobility reported for certain classes of organic polymers, with average p-type mobilities of 9−12 cm 2 V −1 s −1 now reported for devices fabricated from simple solutioncasting techniques like spin-coating. 1 Higher mobilities have also been reported for polymers processed by special techniques to increase the alignment of the polymer chains or improve ordering.
2 Most of these polymers have a donor−acceptor (D− A)-type structure, where electron-rich and electron-poor comonomers are polymerized to give a small optical band gap. 3 In some cases such small band gaps are undesirable, since they can result in ambipolar behavior, making it difficult to turn the device off, 4 or result in electrical characteristics which show strong deviations from ideal behavior. 5 The charge-transport behavior of wider band gap, all-donor polymers has yet to match the performance of these newer classes of low band gap polymer and is typified by thiophene-rich semicrystalline polymers like poly(2,5-bis(3-alkylthiophen-2-yl)thieno [3,2-b] thiophene) (pBTTT) 6 or poly[5,5′-bis(3-alkyl-2-thienyl)-2,2′-bithiophene] 7 (pQT), with mobilities around
. Although such polymers form thin films with high degrees of lamellar order by ordering of the side chains, 8 the factor limiting charge transport has been suggested to be paracrystalline disorder in the π-stacking direction, which leads to a charge trapping. 9 Interestingly, in the case of D−A polymers, there is often no evidence for any long-range order, and instead the high mobility appears related to the polymers' ability to form aggregates with short-range order at the segmental level.
9,10 At a molecular level this can be related to the relatively rigid polymer backbone in many instances, as a result of the rigid, fused aromatic monomers or the low-lying LUMO level, which promotes backbone quinoidal character.
The origin of the paracrystalline disorder in pBTTT and related polythiophenes is not yet clear, but we theorized that torsional disorder along the backbone caused by the steric interactions of the 3-alkylthiophene with the adjacent thieno [3,2-b] thiophene might be a contributory cause. In order to try to reduce the torsional disorder along the backbone, we reasoned that the introduction of vinylene linker group could help to reduce steric interactions and increase conjugation length. In order to probe this, we designed three isomeric all-donor copolymers whereby the positions of solubilizing alkyl chains on the conjugated backbone was systematically altered (Figure 1 ), such that they were contained on the rigid thieno [3,2-b] thiophene (P1), on the bithiophene but adjacent to the thienothiophene (P2), or adjacent to the vinylene linker (P3). Here we demonstrate that the placement of the side chains has a . We rationalize the differences on the basis of different degrees of backbone torsion, depending of the regiochemistry of the alkyl side chains.
The synthesis of P1−P3 is shown in Scheme S1. All polymers were synthesized by Stille polymerization between the appropriate dibrominated thiophene monomer and trans-1,2-bis(tributylstannyl)ethylene. Monomers M1−M3 were synthesized as shown in Scheme S1, following standard cross-coupling routes. The synthesis of 3,6-ditetradecylthieno [3,2-b] thiophene is worth highlighting, since it is a substantial simplification over the previously reported routes.
11 Here the alkyl chains were introduced by Negishi cross-coupling of 3,6-dibromothieno [3,2-b] thiophene with tetradecylzinc chloride in the presence of Pd(dpppf)Cl 2 under microwave heating. The reaction only proceeded at appreciable rate under high temperature, and 10 min at 150°C was found to be optimum. The crude product was brominated directly before purification, since the product 2 was readily crystallized, to give a yield of 45% over the two steps.
The polymerizations were all performed under microwave heating, and the crude polymers were purified by precipitation and Soxhlet extraction to remove low-weight oligomers and catalyst residues. Following extraction and precipitation the final polymers, P1−P3 were obtained as dark brown solids in yields of 67%, 41%, and 61%, respectively. P1 and P2 could be readily dissolved in common solvents such as chloroform, THF, and chlorobenzene at room temperature, whereas P3 was only sparingly soluble at room temperature, although its solubility in hot (ca. 80°C) chlorobenzene or 1,2-dichlorobenzene was reasonable. All polymers afforded satisfactory elemental analysis and 1 H NMR spectra. The polymers had moderate number-average molecular weights (M n ) as measured by gel permeation chromatography (GPC) in hot (80°C) chlorobenzene (Table 1) . The similar molecular weights and dispersities across the series allowed for a direct comparison of their properties. The thermal behavior of the polymers showed some differences across the series. Thus, P3 exhibited no obvious thermal transitions by differential scanning calorimetry (DSC) upon heating to 250°C, whereas P1 and P2 exhibited melt endotherms at 168 and 130°C, respectively, which by analogy to pBTTT may be attributable to side-chain melt. There was no indication of a backbone melt up to 250°C.
The UV−vis absorption spectra of P1−P3 in dilute, roomtemperature 1,2-dichlorobenzene and as thin films are shown in Figure 2 . In solution, P1 and P2 exhibit similar spectral shapes, with absorption maxima at 497 and 503 nm, respectively. However, P3 exhibits a substantially red-shifted spectrum, with a maximum at 552 nm and a shoulder at 585 nm. In films, P1−P3 exhibit absorption maxima of 538, 553, and 586 nm, respectively. The 41, 50, and 34 nm red-shifts of the absorption peaks are indicative of backbone planarization and solid-state aggregation.
Polymer P3 also exhibits a pronounced shoulder at 631 nm, with a less pronounced shoulder also observable for P2. Considering the only difference among the polymers is the regiochemistry of the side chains, this suggests that P3 has the largest effective conjugation of the polymers. This is further supported by the optical band gaps measured from the absorption onsets of 1.97, 1.88, and 1.78 eV, and the thin-film ionization potentials of 5.11, 5.08, and 4.97 eV for P1−P3, respectively. Both sets of data suggest that P3 has more effective delocalization along the backbone in the solid state.
To help explain the different physical properties among these polymers, density functional theory (DFT) calculations of trimers (i.e., three repeat units) of P1−P3 were modeled using Gaussian 09 at the B3LYP/6-31G* level. The side chains were shortened to ethyl groups in order to simplify the calculations, while still maintaining some steric bulk. The minimum-energy conformations of the trimers ( Figure S2) show that both P1 and P2 have significant torsional twisting of 30.5°and 31.3°between adjacent thiophene and thieno [3,2-b] thiophene units, mainly as a result of interactions between the ethyl groups and the sulfur orbitals. In contrast, P3 adopts an almost completely co-planar backbone, with an angle of just 3.7°between the same two aromatics. In this instance the ethyl groups are adjacent to the vinyl bond, and no steric twisting occurs between these groups. The calculations indicate that P1 and P2 adopt twist conformations, while P3 adopts a more planar conformation, which agrees with the longer conjugation length and higher solidstate aggregation. The calculations also predict that P3 has the highest HOMO level (Table 1) among these polymers, which is consistent with the photoelectron spectroscopy in air (PESA) data.
FETs with top-gate, bottom-contact (TG-BC) device architecture were fabricated to investigate the charge carrier mobility of these polymers. All three polymers yield operational transistors from three annealing temperatures (T a ), 100, 150, and 200°C, with excellent field-effect, on/off channel current ratios in the range of 10 4 −10
5
, negligible operating hysteresis, and good drain current saturation. Using the field-effect mobility as a performance metric, the polymers can be ranked in an increasing order of performance as P1, P2, and P3. Figure 3a shows the saturation mobility (μ sat ) of the three polymers for each annealing temperature in a box chart format. The box represents where 50% of the data lie, along with its median, while the cross . This suggests that the change in performance is not largely due to the change in trap states' distribution in energy within the semiconductors. However, the onset voltage (V on ), which is the gate voltage at which the subthreshold conduction begins, shows a dependency on T a , as illustrated in Figure 3b . In particular, the V on for the P2 devices is found to shift toward more negative V G , while in transistors based on P1 and P3, the V on moves closer to zero V G with increasing T a . This means that P1-and P3-based transistors require smaller gate electric fields to inject and accumulate holes into the semiconducting channel when annealed at higher temperatures, and vice versa for P2-based transistors. This shift in V on might be related to the shift in the HOMO levels and/or the change in the deep trap states of the polymers upon annealing due to the evolution of the film morphology at the dielectric/semiconductor interface. However, more in-depth charge transport studies are required to clarify this behavior. Also, by comparing the P1 and P3 devices, the direction of change in V on with T a is not directly correlated to the change in the hole mobilities measured. The results from transistor characterization therefore seem to suggest that the origin of the high mobility obtained from P3 devices annealed at 200°C is not principally dependent on the electronic properties of the polymer, which is not unexpected, as all three polymers share the same backbone and are only different by the side chains. Further results reported hereinafter will give evidence that the side chains significantly affect the crystallinity of the polymers, which ultimately dictates the long-range hole-transport properties of these materials. Figure 3c shows a representative set of the transfer characteristics of a high-performance P3 transistor annealed at T a = 200°C. The average hole mobility extracted from these devices is μ sat = 2.8(±1.0) cm 2 V −1 s −1 , with maximum values around 4.6 cm 2 V −1 s −1
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. Noticeably, the devices are capable of conducting a rather high level of channel current which in some cases approaches 1 mA. Overall, the devices exhibit good transistor operation with negligible operating hysteresis, low V on , and high channel current on/off ratio on the order of 10 5 . In addition, noting that the operating voltage is rather high due to the low geometric capacitance (C i ) of the CYTOP dielectric layer (∼2.1 nF cm . The slightly lower mobility value is most likely due to the non-optimized process followed during the fabrication of these low-voltage transistors and/or due to the rather different electrostatic nature of the high-k/polymer channel interface. Further work is currently underway to understand the origin of this difference.
To gain a better understanding of the effects of the alkyl chain's position and thermal annealing on the transistor performance, the film morphologies were investigated by grazing-incidence wide-angle X-ray scattering (GIWAXS) and atomic force microscopy (AFM) after coating and annealing under conditions identical to those used for the thin-film transistor measurements. The 2D WAXS patterns of P1 and P2 are shown in Figure S6 , and that for P3 is shown in Figure 4 . For P1 and P2, the films both appear to pack in a lamellar-like fashion with a mainly edgeon orientation and a (100) spacing of 2.4 and 2.0 nm, respectively, after annealing at 100°C. Films annealed at 150°C are similar to those annealed at 100°C, whereas annealing at 200°C, well above the apparent side-chain melt observed in DSC, results in a loss of most of the diffraction peaks, and the patterns become dominated by an amorphous halo. AFM topography images ( Figures S7 and S8) show that root-meansquare surface roughness decreases upon annealing at 200°C, which might be expected for less crystalline films. P3 also packs in an edge-on lamellar fashion, with a (100) spacing of 1.9 nm, but unlike P1 and P2, it also shows well-defined π-stacking (010) peaks in the charge-transport direction. In contrast to P1 and P2, thermal annealing above 100°C increases the diffraction intensity of the P3 films, with the film annealed at 200°C showing a strong increase in the number of orders of lamellar reflection. The AFM images show no reduction of film roughness upon annealing and retain an isotropic nodule-like structure throughout. However, there is no indication of the formation of large-scale molecular terraces as seen in pBTTT. 6 The 150 and Journal of the American Chemical Society 200°C annealed P3 films both show evidence for threedimensional order in the diffraction patterns. The increase in thin-film order for P3 upon annealing correlates reasonably with the significant improvement in transistor performance observed, particularly upon annealing at 200°C, although it is somewhat surprising that P1 and P2 maintain reasonable FET performance at this temperature, considering the loss of thin-film order. High-temperature annealing is known to improve transistor performance in many cases, 1,2,13 possibly as a result of the elimination of traps or improved physical contact with the electrodes, and we suggest that for P1 and P2 this improvement is offset by the loss of order of the film. The side-chain ordering of P3 increases aggregation and melting point, and the film is able to maintain order, even during high-temperature annealing.
In conclusion, we have demonstrated that the regiochemistry of the side chains has a significant impact on the optoelectronic properties and propensity to aggregate for a series of isomeric polythiophenes. On the basis of DFT calculations, we relate this to differences in torsional disorder along the polymer backbone. The polymer with the lowest degree of conformational disorder shows the longest effective conjugation length and demonstrates excellent performance in field-effect transistors, with peak mobilities up to 4.6 cm 2 V −1 s 
